A theoretical and experimental analysis of heat induction bending for tubes used in the power industry is performed. First, the design of the heat induction bending process for tubes is described and industrial application areas for this technology are presented. Next, the main methods for tube bending with local induction heating are discussed and the effect of the technology on geometrical parameters of bends formed is presented. Then, the heat induction bending process for tubes is modeled using numerical techniques (FEM). The simulations are performed in a threedimensional strain state, where thermal phenomena are taken into account, using the commercial software package Simufact Forming v. 11.0. In the simulations, the changes in workpiece geometry in the region of the bend being made (cross section ovalization, darkening and thickening of walls, neutral axis position) are examined. Also, potential phenomena that could limit the stability of the bending process and cause shape defects are predicted. The results of the numerical modeling are then compared to those obtained under industrial conditions.
Introduction
Bending is one of the methods for producing tube bends that are used in the power industry. The method consists in changing the curvature of a workpiece (tube) without reducing material cohesion under the action of external bending moment. Compared to other methods for producing bends, bending offers a number of benefits: material cohesion is maintained, the process is simple to run and it allows producing bends of any radius and angle desired [1, 2] . The application of traditional methods to bend tubes may, however, lead to reduced material cohesion and distortion of the cross section of formed bends, which results from the action of positive and negative stresses [3] . Owing to these shortcomings, traditionally produced bends cannot sometimes be applied in the production of power pipelines. Hence, non-conventional bending methods, wherein workpiece is subjected to local heating, are more and more often applied. Since the region of the tube subjected to deformation is relatively narrow, the risk of cross sectional defects and wall cracking in the bend being formed is reduced to a great extent. Compared to bending tubes using standard tube bending machines, bending with local heating is a more energy-consuming process bending takes even up to twenty hours. Nevertheless, due to both much greater technological possibilities (bending tubes with diameters ranging from 300 mm to even 1600 mm) at relatively low values of bending radius and high geometrical parameters of bends formed, the process is unrivalled when it comes to forming tube bends with large diameters and high geometrical and mechanical requirements.
A schematic diagram of tube bending with local induction heating using tube bending machines is illustrated in Fig. 1 . The process consists in heating a narrow zone on the circumference of the tube by means of high frequency currents using a ring-shaped inductor; simultaneously, a bend is being gradually formed by the axial displacement of the workpiece. One end of the tube is clamped in a rotating arm; this device is used to first adjust the radius of bending and then maintain it at a constant value. The other end of the workpiece is inserted into a pusher. If the billet temperature is locally increased, it leads to decreased deformation resistance, so the tube is bent only in the heated zone, while other regions of the workpiece are not deformed [4] . The heating (thus bending) zone shifts along the axis of the tube as the tube moves; as a result, the arm with the tube end is rotated and a tube section is bent in the deformed region, i.e. where the induction heating takes place [5] .
Despite the fact that tube bending with local induction heating is relatively simple to run, the process has not been yet thoroughly studied or described in the literature on the subject. To produce bends with desired geometry and strength properties, it is necessary that the amount of heat supplied on the circumference of the workpiece be adequately adjusted to the velocity of bending (workpiece feed). These parameters mainly depend on the diameter, wall thickness and material type of a tube; sometimes, they also depend on the chemical composition and mechanical properties of the material. For this reason, process parameters must be individually set for each bending operation. Sometimes, owing to the differences between the chemical composition and mechanical properties of the material used, technological parameters must be changed. Given the above, it is therefore justified that research on determining the relations between technological parameters of the bending process and geometrical parameters of a workpiece and formed bend be undertaken. Fig. 1 . Tube bending in a tube bender with induction heating: 1 -clamping component (tube pusher), 2 -feed guides, 3 -tube, 4 -guiding rollers, 5 -local heating and forming zone, 6 -inductor, 7 -forming arm with a mechanism for clamping the tube end, P -pushing force, Mg -bending moment
Numerical modeling of the tube bending process
In order to determine the effect of the basic parameters of the induction tube bending process (heating temperature and pusher velocity), the process was modeled numerically. The simulations of forming a tube bend with a diameter D of 508 mm, wall thickness t of 45 mm and bending radius R of 762 mm were performed by the finite element method (FEM). The numerical results obtained were then verified under industrial conditions.
The numerical simulations of tube bending with local induction heating were performed using the commercial software Simufact Forming version 11.0, which had been previously used to model numerically processes for forming metals and their alloys [4 -6] , and the results obtained had been positively verified in experimental tests [6, 7] . The modeling was done in three-dimensional state of strain, where thermal phenomena were taken into account, too. The geometrical model of the bending process designed for the purpose of the present analysis is shown in Fig. 2 . The model consists of: clamp jaw 1, which can freely rotate about the axis of bending 2, stationary rollers (smooth 3 and profile 4 ones), pusher 5, heating ring 6 and workpiece 7. In the initial stage of
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Metal Forming 2014 bending, the heating ring (inductor) is shifted by 100 mm beyond the axis of bending, toward the tube end. Next, it begins to move toward the axis of bending, thus locally heating the tube. Once the inductor takes a position that corresponds to the axis of bending, the actual forming process begins. During the process, the pusher moves the tube at the constant velocity v = 2.5 mm/min toward the clamp jaw; as a result, the clamp jaw is rotated and the tube is gradually bent. The workpiece 7 is a tube with the outer diameter D = 508 mm and wall thickness t = 45 mm, modeled by eight-node hexahedral solid shell elements. The material of the billet was assigned the properties of 13CrMo4-5 steel. This material was selected specifically due to its wide applications in the power, shipbuilding and petrochemical industries, where it is used to construct pressure vessels, boilers and pipelines transmitting hot liquids and steams [8] . 13CrMo4-5 steel exhibits relatively high mechanical properties (both tensile and fatigue strength), high resistance to corrosion and elevated temperatures (it can be used at a temperature of up to 500°C). In addition, 13CrMo4-5 steel has a good workability, both in hot and cold deformation, as well as good machining properties. These benefits notwithstanding, this steel grade exhibits limited weldability, which means that special welding methods must be applied together with thermal operations. The elasto-plastic material model of 13CrMo4-5 steel was developed based on plastometric results. The characteristics of the material were determined with a Gleeble plastometer by a uniaxial compression test. The flow curves of 13CrMo4-5 steel obtained in the plastometric tests are shown in the Fig. 3 . In addition, the numerical simulations were performed on the assumption that the workpiece would be heated through along a 60 mm long section until the forming temperature reaches 900 °C. The workpiece, environment and tools had the same initial temperature of 20 °C. As for other process parameters applied in the simulations, the friction factor between the workpiece and the tools m was set to 0.3 (constant friction model), the material-tool heat exchanges coefficient was set to 10 kW/m2K, the heating ring-workpiece heat exchange coefficient was 100 kW/m2K, while the materialenvironment heat exchange coefficient was set to 0.5 kW/m2K for cooling at the room temperature [5] . The heat transfer coefficient was determined based on the experimental results of investigating the effect of both technological parameters of the inductive heat system and of geometrical and material parameters of a billet subjected to bending on the time of heating the tube to the required temperature. Based on these results, we could determine the coefficients of heat transfer between the heating ring and the tube and environment, which in turn helped us obtain heating times and temperatures that were close to the real ones. The simulations enabled predicting variations in the shape of the workpiece cross section in the region of the bend. The distributions of effective strain, reduced stresses, temperatures and failure criterion were determined in the region of the bend. Also, the degree of distortion of the tube wall and of the cross section of the bend were evaluated for the applied parameters.
The FEM-determined geometry of the bend in both cross and longitudinal section is shown in Fig. 4 . Compared to traditional bending methods, tube bending with local heating leads to the displacement of the neutral axis toward the outer radius of the final product. It is characteristic of the tube bending process that the wall thickness in the cross section of the formed bend changes quite significantly. Due to the action of the compressive stresses near the inner radius, the material undergoes upsetting and, in effect, the wall thickness increases to a great extent. In contrast, the region of the outer radius is where tensile stresses occur, which leads to a decrease in the thickness of the wall. It should however be noted that the observed wall darkening is much lower than the increase in the wall thickness that occurs in the region of the inside diameter. It is characteristic of tube bending processes with local heating that the cross section of the formed bend is somewhat distorted. In the present analysis, this cross sectional defect was determined by the ovalization factor e expressed with the following formula:
Where D a is the large axis of the oval [mm], D b is the small axis of the oval [mm], D is the outer diameter of the tube [mm].
The geometrical parameters were measured at five points (indicated in Fig. 4 ), perpendicular to the axis of the bend. Both the FEM-determined and experimentally produced shape of the tube bend exhibits a relatively low ovalization of the cross section (approx. 1.01% in FEM and approx. 0.69% in the experimental tests) ( Table 1 and Fig. 4) . These values are much lower than those obtained in bending using traditional tube bending machines. What can be observed in the region of the formed bend is a small increase in the outer diameter of the tube (it is particularly visible in the plane perpendicular to the axis of the bend -D a diameter). The increase in the sectional dimensions is caused by the upsetting of the material on the straight section in the heating zone that takes place right before the workpiece bending begins.
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Metal Forming 2014 Using numerical techniques, the distributions of effective strain, reduced stresses, Cockcroft-Latham fracture criterion and temperatures were determined in the simulations (Fig. 5 ). Examining the strain distributions, it can be observed that they are not uniform (Fig. 5a ). The highest strains occur in the region of the inside radius, where the material is deformed over the entire thickness of the wall. Yet the strains in the region of the outer radius have much lower values. In contrast, the region in the vicinity of the neutral axis of the bend is barely deformed and the values of the effective strain are close to zero. Also, there are variations in the distribution of reduced stresses (Fig. 5b) . The highest values of the reduced stresses occur near the outer and inner radii of the workpiece, at its surface. In addition, near the outer radius of the workpiece, the area of the maximum stresses is more extensive compared to that in the region of the inner radius. As a result, the region of the outer radius of the workpiece is subjected to much higher effort during bending. Sometimes, this may lead to material cracking in this region. Interestingly, too, the fracture criterion has the maximum values in this region, so the conjectures that this region is most prone to cracking are proved correct. It should however be underlined that the maximum values of the fracture criterion determined in the simulations are relatively low, much lower than the boundary values. Since the workpiece is subjected to local heating with high frequency currents, the temperature has a ring-shaped distribution (Fig. 6d) . The highest temperature occurs in the region of the heating ring; the further it is from the heating zone, the lower the temperature; finally, the workpiece has a uniform value, similar to that of the ambient temperature. The considerable non-uniformity of the distributions obtained in the region of the formed bend will undoubtedly affect the strength parameters of such tube bends. Following the bending process, the tubes formed thereby are therefore subjected to heat treatment in order to make their strength properties more uniform in the region of bending and in the non-deformed sections of the tubes. 
Industrial experiments in induction tube bending
The experiments in bending tubes for power industry applications were performed at ZRE Katowice SA, Poland, using a tube bending machine that is available there. This machine enables
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Metal Forming 2014 bending tubes in the diameter range D = (168.3÷1220) mm and wall thickness t = (5÷100) mm in the angles α = (0÷180)°. Taking advantage of the considerable experience of the plant personnel in producing pipelines for the power industry, a series of experimental tests in bending were run. One example of the tube bending process performed at ZRE Katowice S.A is shown in Fig. 6 . The bending process was run in accordance with the pattern applied in the numerical simulations. The workpiece (tube) was clamped with one end by the rotating arm whose axis of rotation crosses the axis of bending. The other end of the tube was inserted into the ram of a hydraulic pusher; the ram made the workpiece move lengthwise, forcing the arm to move about the axis of bending. The workpiece was locally heated in the bending region by means of an induction heater. The preset heating temperature was controlled using optical pyrometers; based on their indications, the frequency of the power supplied to the induction heater was adjusted. The cross section of the tube bend formed under industrial conditions is shown in Fig. 7 . The geometry of the produced bend is in a good agreement with the profile determined by the FEM analysis (Table 1 ). Examining the geometry of the formed bend, it can be observed that there is a considerable variation in the wall thickness (as was determined in the numerical simulation). Due to the action of compressive stresses, the thickness of the wall increases in the region of the inner radius, while in the region of the outer diameter, where the material is subjected to tension, wall darkening occurs. Nonetheless, the observed variation in the wall thickness of the bend is within a range that is acceptable by international standards. Also, it is characteristic of the process that the cross section undergoes a slight distortion (ovalization), which is, however, considerably lower than the acceptable one.
The cross-sectional defect (ovalization) of the tube can be somewhat eliminated by decreasing the pusher's velocity. This, however, leads to a longer time of bending and thus higher costs of running the process. Another means of eliminating the cross-sectional defect is to apply an additional bending moment to the rotational arm during the feeding of the tube by the pusher. This solution, however, requires the use of more advanced devices as well as connecting the pusher's velocity with the additional bending moment. For this reason, all operations aimed at constraining shape tolerance should be justified by operational conditions of tube bending.
Key Engineering Materials Vols. 622-623 723 Fig. 7 . Cross section of the tube bend produced in the experimental tests of induction bending
Conclusions
Based on the numerical and experimental results of bending 13CrMo4-5 steel tubes, the following conclusions can be drawn:
• induction tube bending can be modeled numerically;
• the numerical analysis results show a good agreement with those obtained in the experimental tests of tube bending with local induction heating; • compared to traditional forming methods, the new bending process produces bends with a less distorted cross section and less varied wall thickness; • it is characteristic of tube bending with local heating that the neutral axis is displaced toward the outer radius; in other bending processes the neutral axis shifts toward the inner radius; • the simulations revealed a considerable non-uniformity of the strains, stresses, temperatures and fracture criterion; • it is recommended that further research be conducted to determine specific relations between the parameters of bending and those of produced bends.
